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Abstract
The laser invention more than fifty years ago was a major scientific revolution. Among the different possible gain media, the Free
Electron Lasers (FEL) uses free electrons in the period permanent magnetic field of an undulator, covering wavelengths from far
infra red to X-ray, with easy tuneability and high peak power. Nowadays, the advent of tuneable intense (mJ level) short pulse
FELs with record peak power (GW level) in the X-ray domain sets a major step in laser development, and enables to explore new
scientific areas, such as deciphering molecular reactions in real time, understanding functions of proteins. Besides, lasers have also
been considered for driving plasma electron acceleration. A high-power femtosecond laser is focused into a gas target and resonantly
drives a nonlinear plasma wave in which plasma electrons are trapped and accelerated with high energy gain of GeV/m. Nowadays,
laser wakefield acceleration became reality and electron beams with multi-GeV energies, hundreds pC charge, sub-percent energy
spread and sub-milliradian divergence can be produced. It is relevant to consider a FEL application to quality these laser plasma
produced electrons. After having described the FEL panorama, the strategies towards laser plasma based acceleration based FELs
will be discussed, including the mitigation of the large energy spread and divergence of these beams should be mitigated.
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1. Introduction : the origins of the Free Electron Laser
1.1. Stimulated emission
In 1927, Einstein (1879-1955, Nobel prize in 1921) predicted
the energy enhancement by atom desexcitation [1] in the anal-
ysis of the black-body radiation, while absorption and spon-
taneous emission were the known light matter interactions at
that time. This process was named in 1924 stimulated emis-
sion [2, 3]. First, a photon is absorbed and drives an atom to
an excited state. The excited atom being unstable, it emits a
spontaneous photon after a duration depending on the lifetime
of the excited level. Besides, when a photon is absorbed by an
excited atom, two photons with identical wavelength, direction,
phase, polarization are emitted, while the atom returns to its
fundamental state. This stimulated emission emission was seen
as addition of photons to already existing photons, and not as
the amplification of a monochromatic wave with conservation
of its phase, without the notion of light coherence.
1.2. Vacuum tubes
The electron beam in vacuum tubes witnessed a rapid and
spectacular development in the beginning of the twentieth cen-
tury for the current amplifier applications such as radiodiffu-
sion, radar detection, where high frequency oscillations were
needed. In vacuum tubes, a free electron of relativistic factor γ
given by γ = Emoc2 (with E its energy, mo the electron mass, e the
particle charge and c the speed of light) interacts with an elec-
tromagnetic wave of electric field ~E : ~E = ~E sin (ks − ω.t) with
k the wave number and ω the pulsation according to dγdt =
e~β. ~E
mc
with β the normalised electron velocity. In a klystron [4] (see
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d⌅
dt
=
e
 ⇥
⇤ . ⇥E
mc
(69)
with
 ⇥
⇤ the normalised velocity of the electrons, with ⌅ = 1⇤
1 ⇤ 2
The magnetron is a high power vacuum tube where electron bunches passing through open cavities excite RF waves
oscillations by interaction with the magnetic field, the frequency being determined by the geometry of the cavity. It
can act only as an oscillator for the generation of microwave signal from the direct current supplied to the tube. This
device can not amplify the RF signal. It is now used for microwave ovens.
The klystron, invented by the Russel and Sigurd Varian brothers [207] consists of two cavities (metal boxes along
the tube), as shown in Fig. 19a. . In the first one, an electric field oscillates on a length  s at a frequency ⌃ = 2⌥ f
ranging between 1 and 10 GHz (i.e. with corresponding wavelengths of 30-3 cm). The electrons, generated at the
cathode, enter in the first cavity where the input RF signal is applied. They can gain energy according to :
 W1 =
   s
0
 ⇥
⇤ . ⇥E dt⇥E.⇤ cos t. s
⇤
= E. s.cos t (70)
The XXX revoir equation XXX
The sign of  W1 depends on the moment t when the electron arrives inside the cavity.  W1 is modulated in time
at a temporal period T = 12⌥  or spatial period ⇧⇤ . In average over the electrons,  W1 = 0 since the electrons have
different phases. Then, the electrons enter into the drift space (see in Fig. 19b), enabling the electrons to accumulate
in bunches. The drift space length is adjusted to enable an optimal electron bunching.
Fig. 19 klystron principle : a) klystron scheme, b) electron bunching by energy modulation in the klystron drift space, electrons accumulate
in bunches, c) Phased electron in the second klystron cavity, electric field in red
In the second cavity, the electrons have the same phase with respect to the electromagnetic wave in the cavity, since
they have been bunched (see in Fig. 19c). The second energy exchange is given by :
 W2 =  
electrons
  l2
0
 ⇥
⇤ . ⇥E dt = NeEL2 cos t (71)
with Ne the number of electrons, L2 the interaction region in the second cavity, E the electric field. The phase of
the electrons in the second cavity is ruled by the electrons themselves. The gain in electric field can be very high
(practically, 103 106) .
Figure 1: Klystron principle : klystron scheme (electron bunching by energy
modulation in the klystron drift space, electron accumulation in bunches, and
RF field amplification due to phased electron in the second klystron cavity
Fig. 1), electrons generated on a cathode enter in a first metallic
cavity where an input GHz electric field is applied (an electric
field oscillating at a frequency ν = 2pi f of several GHz). The
sign of their energy gain ∆W1 ' ecE.∆s. cos (ωt) depends on
the moment t when they arrive inside the cavity, ∆W1 is thus
modulated in time at a temporal period T = 2pi
ω
or spatial pe-
riod 2picβ/ω. < ∆W1 >electrons= 0 since the electrons have
different phases. Then, the electrons enter into the drift space
and accumulate in bunches. In the second cavity of interaction
region L2, the bunched electrons have the same phase with re-
spect to the electromagnetic wave. The second energy exchange
∆W2 = NeecEL2 cos (ωt) leads to very high electric field gains,
from 3 to 6 orders of magnitude.
Preprint submitted to Elsevier February 20, 2018
ar
X
iv
:1
71
2.
05
94
8v
2 
 [p
hy
sic
s.a
cc
-p
h]
  1
9 F
eb
 20
18
1.3. Synchrotron radiation
Synchrotron radiation, the electromagnetic radiation emitted
by accelerated charged particles, is generally produced artifi-
cially in particle accelerators. Its theoretical foundations estab-
lished at the end of the nineteenth century [5, 6] were developed
further [7, 8, 9, 10, 11, 12, 13]. After the first particle energy
loss on a 100 MeV betatron [14], the first synchrotron radiation
was observed in the visible tangent to the electron orbit one year
later on the 70 MeV General Electric synchrotron, of 29.3 m ra-
dius and 0.8 T peak magnetic field [15]. Radiation is emitted in
a narrow cone of aperture 1/γ.
Radiation emitted by relativistic electrons performing trans-
verse oscillations was first considered [16]. The electromag-
netic field created by a relativistic particle in a periodic per-
manent magnetic field (produced by undulators, consisting of
a succession of alternated poles) [17, 18] was calculated and
observed [19, 20]. For a planar undulator generating a sinu-
soidal magnetic field ~Bu = Bu cos
(
2pi
λu
s
)
~z = Bu cos(kus)~z with
the undulator wavenumber ku : ku = 2piλu , the emitted radiation
along the undulator periods interfere constructively according
to λn = λu2nγ2 (1 + K
2
u/2 + γ
2θ2) with the deflection parameter
Ku =
eBuλu
2pimoc
and θ the observation angle. The radiation is tune-
able by changing the magnetic field or the electron energy.
1.4. The laser and maser discoveries
For doing a quantum microwave source using stimulated
emission in molecules instead of the amplification by an elec-
tron beam, an excited molecule is introduced in a microwave
cavity resonant at the frequency of the molecule transition. In
1954, the first MASER (Microwave Amplification by Stimu-
lated Emission of Radiation) is operated in the micro-waves
[21] at Columbia Univ with NH3 molecule. For reaching the
optical spectral range, an open Fabry-Perot type resonant cav-
ity (In a cavity in which the light makes round trips between
the two mirrors on which it is reflected) [22] is used instead
of a resonant cavity on its fundamental mode that would be-
coming extremely small (∼ 1 µm). These ”optical lasers” were
named LASER for Light Amplification by Stimulated Emission
of Radiation [23]. ”For wavelengths much shorter than those of
the ultraviolet region, maser-type amplification appears to be
quite impractical. Although using of a multimode cavity is sug-
gested, a single mode may be selected by making only the end
walls highly reflecting, and defining a suitably small angular
aperture. Then extremely monochromatic and coherent light
is produced [22].” Lasers were achieved experimentally, with
Ruby [24, 25], He–Ne [26], AsGa [27] and others [28]. Limits
in extending lasers towards very short wavelengths were un-
derlined : “As one attempts to extend maser operation towards
very short wavelengths, a number of new aspects and problems
arise, which require a quantitative reorientation of theoretical
discussions and considerable modification of the experimental
techniques used” ; “These figures show that maser systems can
be expected to operate successfully in the infrared, optical, and
perhaps in the ultraviolet regions, but that, unless some radi-
cally new approach is found, they cannot be pushed to wave-
lengths much shorter than those in the ultraviolet region” [22].
1.5. The free electron laser invention
J. M. J. Madey (1943–2016) considered that “A. Schawlow
and C. Townes descriptions of masers and lasers coupled with
the new understanding of the Gaussian eigenmodes of free
space offered a new approach to high frequency operation that
was not constrained by the established limits to the capabili-
ties of electron tubes” [29] and examined whether there was
“a Free Electron Radiation Mechanism that Could Fulfill these
Conditions” [30], considering different possible radiation pro-
cesses. Stimulated Compton Scattering appeared very promis-
ing [31]. Already investigated earlier [32, 33, 34, 35] The
Compton backscattering (CBS) radiation resulting from a head-
on collision between a laser pulse and a bunch of relativistic
particles has a high energy ECBS : ECBS =
4γ2Eph
1+(γθ)2 with Eph the
energy of the initial photon beam, θ the angle between the CBS
photons and the electron beam trajectory. The CBS radiation
could be tuneable by a change of the energy of the relativistic
electrons. The scattered radiation presents a low divergence for
relativistic electron beams (i.e. γ  1), which radiation cone
is reduced to 1/γ. J. M. J. Madey had the idea to make the
phenomenon more efficient by using the magnetic field of an
undulator [36]: “Relativistic electrons can also not tell the dif-
ference between real and virtual incident photons, permitting
the substitution of a strong, periodic transverse magnetic field
for the usual counter-propagating real photon beam” [30].
His proposed scheme (see Fig. 2) includes thus the electron
beam in the undulator field as the gain medium, and the optical
resonator, as for lasers. After first gain calculations in quan-
tum mechanics [36], theory was developed in with various ap-
proaches : plasma [37], distribution functions [38], relativistic
motion of the electrons in the undulator and energy exchange
[39]. The electron beam progressing in the undulator emits syn-
chrotron radiation, which is stored in the optical resonator. An
energy exchange between the optical wave and the electrons
takes place, leading the microbunching of the electron bunch at
λn separation (electron position being depending of the energy).
The electrons are thus set in phase, radiate coherently and the
light is amplified. Saturation takes place by enhancement of en-
ergy spread, or the undulator resonance condition unsatisfied.
Figure 2: Scheme of the FEL oscillator with the gain medium consisting of
relativistic electrons in the undulator
2. Free Electron Laser development
2.1. Free electron lasers oscillators and harmonic generation
The first experimental demonstration of the FEL amplifica-
tion (single pass gain of 7%) in the infra-red was performed in
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Figure 3: Short wavelength FEL oscillators
Stanford in 1976 [40] on the super-conducting linear accelera-
tor. The first FEL oscillation was achieved at 3.4 µm in 1977
360 mW average power, corresponding to an estimated 7 (500
intracavity) kW peak power [41]. The second worldwide FEL
oscillation was then obtained in 1983 on the ACO storage ring,
in the visible [42], and then followed by Coherent harmonic
generation [43, 44] in the UV and VUV usng a Nd–Yag laser.
The Stanford FEL has been operated with a tapered undula-
tor in order to enhance the efficiency [45], enabling the output
power to be enlarged [46]. FEL oscillation was obtained at Los
Alamos in 1983 at 9 − 11 µm, with nine orders of magnitude of
power growth and a net gain of 17 %, leading to an intra-cavity
peak power of 20 MW [47]. A 4% efficiency [48] was reached
with undulator tapering. Besides linear accelerators and stor-
age rings [49, 50], FEL oscillators were then developed on var-
ious types of accelerators, such as Van de Graff, microtrons,
energy recovery linacs. The developed FEL oscillators enabled
to cover from infra-red to VUV spectral range (Fig. 3) with
the shorter wavelength obtained on the ELETTRA storage ring
FEL [51, 52]. The limit is set somehow by the gain value com-
pared to the mirror losses [53] submitted to drastic irradiation
conditions [54]. FEL oscillators present a very high degree of
coherence, both in transverse thanks to the optical resonator and
in longitudinal close to the Fourier limit thanks to multi-passes.
2.2. Single pass high gain regime FEL
Figure 4: FEL Self Amplified Spontaneous Emission (SASE) configuration :
spontaneous emission emitted along the undulator amplified in one single pass.
In parallel to high gain FEL studies [55, 56, 57, 58, 59], the
production of coherent radiation from a self-instability, without
the use of an optical resonator was considered [60, 61, 62] and
even a short wavelengths [63]. The system starts from noise
with the undulator spontaneous emission which is amplified it
in the high gain regime until saturation (see Fig. 4). More pre-
cisely, the electrons communicate with each other through the
radiation and the space charge field; they ”self bunch” on the
scale of the radiation wavelength periods. A collective instabil-
ity occurs where the electrons have nearly the same phase and
emit collectively coherent synchrotron radiation [64, 65] over a
cooperative length. After a ”lethargy” period required for the
initial pulse to build up, the light is then amplified exponen-
tially with a gain length Lgo = 1√32kuρFEL (1 + (σγ/ρFEL)
2 with
ρFEL the so-called Pierce parameter and σγ the energy spread.
This regime is called Self Amplified Spontaneous Emission
(SASE), in reference to the Amplified Spontaneous Emission
in conventional lasers. The SASE spectral bandwidth is given
by the Pierce parameter ∆λ
λ
= ρFEL, and the saturation power
by Psat = ρFELEIp with Ip the peak current. Typically, the sat-
uration power is reached after roughly 20 gain lengths, at the
saturation length Ls. The interaction between the electrons is
only effective over a cooperation length, the slippage (slipping
of the emitted by one electron moves ahead by one wavelength
per undulator period) in one gain length, as Lcoop = λ2√3ρFEL
[66]. The uncorrelated trains of radiation, which result from the
interaction of electrons progressing jointly with the previously
emitted spontaneous radiation, lead to spiky longitudinal and
temporal distributions and poor longitudinal coherence, apart
from single spike operation for low charge short bunch regime
[67, 68].
SASE experimental results were first obtained at long wave-
length the mid eighties (saturated high gain amplification in
the mm waves (34.6 GHz) in (Lawrence Livermore National
Laboratory / Lawrence Berkeley Laboratory (USA) collabo-
ration) [69], superradiant emission at 640 µm at MIT (USA)
[70], observation of bunching at 8 mm [71] and SASE [72])
at CESTA (France). Then, SASE was observed in the infra-
red (20 − 40 µm at ISIR (Japan) [73], at SUNSHINE (USA)
[74], at CLIO (France) in the mid-infrared (5 − 10 µm) [75], at
BNL (USA) at 1064 and 633 nm [76], at Los Alamos (USA)
at 15 µm [77]). Then five orders of magnitude of amplifica-
tion and saturation at 12µm have been achieved (UCLA, Los
Alamos, Stanford, Kurchatov collaboration) on the Advanced
Free Electron Laser (AFEL) linac at the Los Alamos National
Laboratory [78, 79]. Saturation at 845 nm has been observed
on the VISA (Visible to Infrared SASE Amplifier) experiment
on the Accelerator Test Facility (ATF) at Brookhaven National
Laboratory (USA) [80, 81].
The beginning the the twentieth century saw the advent of
the saturated SASE in the visible and UV (530 and 385 nm)
in 2000 at Argonne National Laboratory (USA) [82, 83] on the
Low-Energy Undulator Test Line (LEUTL). In parallel, non-
linear harmonics at 423 and 281 nm were observed using the
VISA SASE FEL at saturation [80]. In the same years, a major
step was achieved with the observation of SASE radiation in
the VUV spectral range, with a 233 MeV electron beam from
the Tesla Test Facility (Germany) presently called FLASH us-
ing a photo-injector and superconducting accelerator modules
(6pi mm.mrad emittance, 0.4 kA peak current, 0.13 % relative
energy spread), enabling a gain of 3000 at 109 nm [84] in 2000
and then saturation [85] in 2001, i.e. twenty- five years after the
FEL invention. Tunability in 80 − 120 nm range was demon-
strated, and a very high degree of photon beam transverse co-
herence was observed. With higher peak current, the GW level
(close to 1 µJ energy) had been reached in the 95 − 105 nm
spectral range [86] with a gain length of 67 cm. These results
competed the shortest wavelength achieved on a FEL oscilla-
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tors (on a storage ring), making a turning point in the choice
of the type of the FEL accelerator driver and configuration.
The path towards the X-ray domain with SASE radiation was
paved with new achievements, such as the SASE radiation in
the 60 − 40 nm spectral range with an energy of 30 mJ on
SCSS Test Accelerator (Japan) [87, 88], 6.5 nm [89] and 4.1 nm
[90], i.e. in the water window on the fundamental at FLASH.
Then, a new area started with the advent of hard X-ray FELs,
with first LCLS in Stanford (USA) at 0.15 nm, with saturation
after 60 m of undulators [91], followed by SACLA (Japan) in
2011 down to 0.08 nm [92], then PAL FEL (Korea) in 2016
[93], Swiss FEL (Switzerland) [94] and European X FEL (Ger-
many) [95] in 2017, while new projects are under development.
Operation at short wavelengths requires high beam energies
for reaching the resonant wavelength, and thus long undula-
tors (0.1 − 1 km for 0.1 nm) and high electron beam density
(small emittance and short bunches) for ensuring a sufficient
gain. The obtention of SASE radiation at shorter wavelength
benefited largely from the improvements of the linac elec-
tron beam performance, thanks to the development of photo-
injectors [96, 97, 98, 99] and more generally of the accelerator
developments towards colliders.
Figure 5: Seeding scheme
Besides the spectacular advent of the powerful tuneable FELs
(mJ energy per pulse), the FEL pulse spiky spectral and tem-
poral distributions with the associated jitter still provide some
limitations for FEL use. Besides using low-charge short elec-
tron bunches [100]], a chirped electron bunch associated with
an undulator taper [101], the longitudinal coherence of a sin-
gle pass FEL can be significantly improved by seeding with an
external laser spectrally tuned on the undulator fundamental ra-
diation, while intensity fluctuations are reduced and saturation
is reached earlier (see Fig. 5). Non linear harmonics can also be
efficiently generated [102, 103, 104] in different configurations
such as the High Gain harmonic Generation [105, 106, 107] :
A small energy modulation is imposed on the electron beam by
its interaction with a seed laser in a first undulator (the modu-
lator) tuned to the seed frequency, it is is then converted into
a longitudinal density modulation thanks to a dispersive sec-
tion (chicane) and in a second undulator (the radiator), which
is tuned to the nth harmonic of the seed frequency, the micro-
bunched electron beam emits coherent radiation at the harmonic
frequency of the first one, which is then amplified in the radiator
until saturation is reached [108]. High order harmonics gener-
ated in gas can also be used as a seed [109]. Such a scheme can
be put in cascade for wavelength reduction. According to the
seed characteristics with respect to that of the electron bunch,
different regimes such as super radiance [110], pulse splitting
[111, 112] can be observed.
FERMI@ELLETRA, the first seeded FEL users facility in
Trieste (Italy) consists of two FEL branches, FEL 1 in the
100 − 20 nm via a single cascade harmonic generation, and
FEL 2 in the 20 − 4 nm via a double cascade harmonic gener-
ation [113, 114, 115]. Up-frequency conversion by a factor of
192 [116]. The Dalian FEL (Dalian, China) covers 50 −150nm
[117]. Seeding with the FEL itself is also considered [118, 119]
and is of particular interest for the X-ray domain: a monochro-
mator installed after the first undulator spectrally cleans the ra-
diation before the last amplification in the final undulator. Re-
cently, self-seeding with the spectral cleaning of the SASE radi-
ation has been experimentally demonstrated at LCLS [120, 121]
and at SACLA [122].
Figure 6: Achieved FEL wavelengths versus year for various configurations
(oscillators, coherent harmonic generation, SASE, seeding)
Fig. 6 shows the trend in FEL wavelength decrease versus
years : up to the century change, FEL oscillators were the most
suitable candidates, while afterwards, single pass FEL such as
SASE with their improved versions in terms of temporal coher-
ence (seeded FEL) appeared the most adequate. This turn is
mainly due to the improvement of the linear accelerator tech-
nology, FEL community being benefiting from the develop-
ments of high brightness electron beams required for future lin-
ear colliders. The path has been long towards these unique tun-
able intense X-ray FELs, with some projects that did fail. More
than forty years have been spend between the first FEL in the
infra-red and the first X-ray FEL, both in Stanford.
Present developments are oriented in providing further ad-
vanced properties [123].The two-colour FEL concept can be
applied to the X-ray domain in the SASE regime, either
tuning the two series of undulators at different wavelengths
[124, 125, 126], the delay being adjusted by a chicane, or by
using twin bunches at different energies [127], enabling also op-
eration in the self-seeded case. In the external seeding case, one
can take advantage of the pulse splitting effect [111] combined
with chirp [112, 128], or apply a double seeding [129, 130].
Several strategies are investigated in the quest towards in at-
tosecond pulses and high peak power. The Echo Enabled Har-
monic Generation [131] (EEHG) enables efficient up-frequency
conversion by imprinting a sheet-like structure in phase space
via a two successive electron-laser interactions in two undula-
tors. Experimental results were obtained on harmonic 7 [132],
15 [133] and 75 [134] on the Next Linear Collider Test Accel-
erator and on the Shanghai FEL Test Facility [135]. The trend
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is also to use superconducting high repetition rate linear accel-
erator for FEL line multiplexing and for preventing from space
charge effects for some user experiments. Another approach in-
vestigates compactness besides seeding and up-frequency con-
version, by using novel acceleration techniques, such as laser
plasma acceleration [136].
3. Strategies towards LPA based FELs
The laser invention led thus to free electron laser and to laser
plasma acceleration. On can wonder then whether these two
different paths could join again for developing a laser plasma
acceleration based free electron laser. The idea arose ten years
ago [137, 138]. Issues related to this prospects are discussed.
3.1. Performance of Laser Plasma Acceleration
Inspired by the laser invention, in parallel to the Free Elec-
tron Laser invention by J. M. J. Madey, emerged the idea of
laser wavefield acceleration two years later. The concept has
been described as follows by Tajima and Dawson [136]: ”An in-
tense electromagnetic pulse can create a wake of plasma oscilla-
tions through the action of the nonlinear ponderomotive force.
Electrons trapped in the wake can be accelerated to high en-
ergy. Existing glass lasers of power density 1018 W/cm2 shown
on plasma densities of 1018 cm−3 can yield GeV of electron en-
ergy per centimeter of acceleration distance. This acceleration
mechanism is demonstrated through computer simulation. Ap-
plications to accelerators and pulsers are examined”. Indeed, an
intense laser pulse drives plasma density wakes to produce, by
charge separation, strong longitudinal electric fields, with ac-
celerating gradient than can reach a 100 GV/m [139, 140], in
which the electron with a proper phase can be efficiently ac-
celerated. Following the high power laser development thanks
to chirped pulse amplification [141], significant electron beam
acceleration was achieved [142, 143, 144, 145, 146].
LWFA can nowadays produce electron beams in the few hun-
dreds of MeV to severals GeV with a typical current of a few
kiloamperes with reasonable beam characteristics (relative en-
ergy spread of the order of 1%, and a normalized emittance of
the order of 1pi mm mrad) [147, 148, 149, 150, 151, 152, 153,
154, 155, 156, 157, 158, 159]. However, all these ”best” per-
formance are usually not achieved simultaneously and depend
on the chosen configuration (bubble [139], colliding scheme
[160], optical transverse injection [161], shock front injection
[162], ionization injection [163, 164], plasma channel [142],
frequency chirp [165] ...) and on staging [166, 167].
3.2. A first step : observation of undulator radiation
LWFA based undulator radiation has been observed, even at
short wavelengths [168, 169, 170, 171] and recently at LUX at
9 nm [172]. The quality of the spectra do not meet yet what
is currently achieved and used on synchrotron radiation based
facilities in terms of spectral bandwidth, intensity and stability.
3.3. Conditions for SASE amplification
Several conditions are required for the FEL amplification to
be possible, and they set specifications on the electron beam.
The Pierce parameter ρFEL is expressed as [173, 174]:
ρFEL =
[Ku[JJ]ωp
4ωu
]2/3
=
1
2γku
(µoe2K2u [JJ]2kune
4mo
)1/3
(1)
with ωp and ωu the plasma and undulator pulsations, µo the
magnetic permeability, [JJ] the planar undulator Bessel func-
tion difference term [175]. For the energy modulation and
bunching to be maintain for insuring sufficient gain, the electron
beam should be rather ”cold”, its energy spread σγ should be
smaller than the bandwidth, i. e.: σγ < ρFEL. There should be a
proper transverse matching (size, divergence) between the elec-
tron beam and the photon beam along the undulator for insuring
the interaction. In consequence, the emittance n should not be
too large at short wavelength. The FEL gain increases with the
beam current provided that: n
γ
< λ4pi . The radiation diffraction
losses should be smaller than the FEL gain, i.e. the Rayleigh
length should be larger than the gain length (Zr > Lgo). The
condition can be smoothened in case of gain guiding. For long
undulators, intermediate focusing is then put between undulator
segments. High power short wavelength FELs require thus low
emittance electron beams (much smaller than 100 pimm.mrad
and peak currents of the order of 100 A.
3.4. Issues related to LPA regarding FEL amplification
Following undulator spontaneous emission observation, this
new accelerating concept could thus be qualified by a FEL ap-
plication. But achieving it remains to be demonstrated: the dif-
ficulty comes from the intrinsic properties of the electron beam.
Indeed, for an energy of a few hundreds of MeV, while linac
beams exhibit typically 1 mm transverse size, 1 µrad diver-
gence with 1 mm longitudinal size and 0.01 % energy spread,
plasma beams more likely provide 1 µm transverse size, 1 mrad
divergence with 1 µm longitudinal size and 1 % energy spread.
Combined to the initial divergence, the energy spread can lead
to significant emittance growth [176, 177, 178]. Collective ef-
fects and coherent synchrotron radiation can also play a role
[179]. The present LWFA electron beam properties are not di-
rectly suited for enabling FEL amplification, and electron beam
manipulation is required.
3.5. Handling of the LPA divergence
The beam divergence requires a strong focusing.
With conventional accelerator techniques, the usually re-
quired quadrupole strength often excludes the use of electro-
magnetic quadruoles. Permanent magnet quadrupoles, located
close to the electron source are more widely used. For example,
to so-called developed QUAPEVA [180, 181, 182], made of two
quadrupoles superimposed are capable of generating a gradient
of 200 T/m. The first quadrupole consists of magnets shaped as
a ring and attaining a constant gradient of 155 T/m, and the sec-
ond one made of four cylindrical magnets surrounding the ring
and capable of rotating around their axis to achieve a gradient
tunability of ±46T/m. Each tuning magnet is connected to a
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motor and controlled independently, enabling the gradient to be
tuned with a rather good magnetic center stability (±10µm) and
without any field asymmetry. They are installed on translation
stages, allowing the magnetic center to be adjusted.
The focusing can also be done with a plasma itself, with a
plasma lens [183, 184], active plasma lensing [185] or a tran-
sient magnetised plasma [186]. Plasma lens provides a radially
symetrical focusing.
3.6. Handling of the LPA energy spread
A first approach consists in passing the electron beam
through a demixing chicane, which sorts them in energy and
reduces typically the slice energy spread by a factor of 10
[187, 188, 189]. Taking advantage of the introduced correlation
between the energy and the position, the slices can be focused in
synchronization with the optical wave advance, in the so-called
supermatching scheme [190]. The chicane scheme also enables
to lengthen the electron bunch, for it not to escape the electron
bunch because of the slippage.
A second approach to handle the large energy spread consists
in using a Transverse Gradient Undulator (TGU) [191, 192] as
considered in the early FEL days. The concept has been ap-
plied to the case of LPA [193, 194, 195, 196]. The transverse
gradient undulator presents usually canted magnetic poles, that
generates a linear transverse dependence of the vertical undula-
tor field in the form of K(x) = Ko(1 + αx) with α the gradient
coefficient. Associated to an optics with dispersion introduc-
ing a transverse displacement x with the energy according to
x = η∆γ/γ, the resonant condition can be fulfilled provided
η = (2 + K2o )/αK
2
o . This technique reduces the sensitivity of the
FEL gain length dependence on the energy spread.
3.7. Test experiments
Jena / KIT
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Figure 3: Measured beam profiles with a projection P on and a cut C along each axis. The quadrupole strength k the
position of the dipoles and the betafuncions are depicted for each setup with β0 = 0.005m and α0 = 0. (a) Focus of 60MeV
on the second screen; (b) focus of 40MeV on the third screen with deflection by the dipoles; (c) parameters necessary for
the operation of the undulator at 40MeV.
symmetrical along the x-axis (see. Fig. 2a) this asymmetry
seems to influence all observed profiles of Fig. 3.
Increasing the energy spread from σE = 0.1% to 3%, the
simulated profile in Fig 4c shows the same characteristics as
the measured profile: the vertical line, the diamond shaped
maximum and the horizontally slightly stretched center. The
discrepancy might still be caused by misaligned magnets,
but also the asymmetric beam profile of the source.
The simulated profile in Fig. 4d for the second setup (see
Fig. 3b) again shows the same characteristic as the measured
profile apart from theweaker smearing along the vertical axis
to higher values. For negative values of x the smearing is
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Figure 4: left: Simulated beam profiles at the position of
screen 2 with (a) σx′,y′ = 1mrad, (b) the measured source
divergence and (c) additionally an energy spread ofσE = 5%;
right: simulated beam profiles on screen 3 with the measured
divergence and 5% energy spread with (d) setup of Fig. 3b
and (e) setup of Fig 3c.
caused by the deflection of the electrons in the energy range
below the central energy by the oppositely poled dipoles.
The last profile in Fig. 3c now shows a stronger discrep-
ancy from the simulated profile in Fig. 4e. A horizontal line
with a slight maximum in the center would be expected, but
there is a second maximum above the beam axis, which is
probably caused by alignment errors.
The measurements have shown that in general it is pos-
sible to transport and shape the beam originating from a
LWFA. However, the divergence of some milliradiant and
the significant energy spread deteriorate the profile consider-
ably. To improve the beam transport system a more accurate
alignment procedure, an aperture to reduce the source di-
vergence and an energetic filter should be included in the
setup.
SUMMARY AND OUTLOOK
In this contribution first tests of the linear beam transport
system at the LWFA in Jena were presented. The size of
the foci and the shape of the beam profile did not match
the expected values, as the parameters assumed for the de-
sign of the transport system were different from the source
parameters measured. With an adaption of these parame-
ters in the simulations the measured beam profiles can be
reproduced. Apart from that it can be concluded that the
alignment procedure has to be improved. The test of the dif-
ferent components, especially the magnets, was successful
and it was shown that in general beam based alignment of
the quadrupoles is possible.
For subsequent measurements it is planned to improve
the LWFA in terms of stability from bunch to bunch and
higher electron energies. Furthermore, an aperture to limit
the divergence and an energy filter to narrow the energy
range could be applied.
Stratclyde
are the electron charge and mass, respectively. The normalized
laser vector potential, initially, a0¼ eA/mec2" 1, where A is
the vector potential, grows to a0> 3 due to non-linear self-
focusing and photon acceleration,16 which results in a trailing
evacuated plasma bubble into which electrons are injected
from the background plasma.
Electron beams exiting the accelerator are initially colli-
mated using a triplet of miniature permanent magnet quadru-
poles (PMQs).17,18 The field gradient of each quadrupole is
#500T/m, and the triplet entrance is 30mm from the accel-
erator exit. A triplet of electromagnetic quadrupoles (EMQs)
then focuses the beam through the undulator. The respective
EMQ field gradients are 2.47 T/m, 2.20 T/m, and 2.47 T/m.
The quadrupoles are set for optimal transport of 130MeV
energy electrons (Fig. 2), and, within 610MeV of this
design energy, the simulated electron bunch duration at the
undulator entrance is predicted to be #3 fs (Fig. 1).
Experimental measurements of the duration that detect tran-
sition radiation generated by the beam passing through a
metal foil perturb the beam too strongly for simultaneous use
with the undulator, however, other studies on ALPHA-X19
and elsewhere20 show that the duration of the electron beam
within 1m of the accelerator is #1–2 fs, and this is the basis
for the beam transport simulations. Beam profile monitors at
positions L1, L2, L3, and L4 comprise phosphor Lanex
screens and 12-bit charge-coupled device (CCD) cameras.
An imaging dipole magnetic electron spectrometer
(ES1) provides strong focusing in the horizontal and vertical
planes thus enabling excellent energy resolution
(#0.5%–1.0%), which can be maintained over a wide energy
range (83–196MeV at the field strength of 0.52 T). Ce:YAG
crystals positioned in the focal plane image electrons dis-
persed by the spectrometer magnetic field with the image
captured on a 14-bit CCD camera. The electron beam dump
after the undulator is a simple permanent dipole bending
magnet that acts as a rudimentary compact electron spec-
trometer (ES2). This allows UV radiation and electron spec-
tra to be captured simultaneously. The on-axis magnetic field
strength of ES2 is 0.75 T suitable for electrons in the range
of 20–250MeV to be imaged on a Lanex screen by a 12-bit
CCD camera. All Lanex and Ce:YAG screens (except L1)
have been cross-calibrated against imaging plate measure-
ments to determine the absolute electron beam charge.21
The undulator (length 1.5m, Nu¼ 100 periods, and
ku¼ 15mm) has a slotted pole planar design and the adjusta-
ble pole gap is set at 8.0mm for these experiments (vacuum
tube inner diameter is 6mm). This gives a peak on-axis mag-
netic field strength Bu¼ 0.27 T and undulator deflection pa-
rameter K¼ 0.38. The slotted pole design of the undulator
features a 5mm by 1mm slot cut out of the central section of
the magnets. This provides a radial focusing force for elec-
trons of energy up to #100MeV. Full details are given else-
where.22 The distance from accelerator exit to undulator
entrance is 3.52m.
Undulator output radiation is detected using a vacuum
scanning monochromator (with platinum-coated toroidal
mirror and 300 lines/mm grating) and 16-bit CCD camera.
The grating is positioned for a 344 nm detection bandwidth
centred on 220 nm with a resolution of about 5 nm. Three
elements attenuate the radiation signal: the toroidal mirror
(peak reflectivity of 65%), the grating (peak efficiency of
25% at 150 nm), and finally the quantum efficiency of the
camera (25% across the relevant spectral range). Laser light
and plasma emission has been blocked by an aluminium foil
(thickness 800 nm) positioned before the undulator at Lanex
screen L3.
Removal of the PMQs enables the intrinsic divergence
and profile of the electron beam to be observed on Lanex
screen L1. The mean r.m.s. divergence is 3.5 mrad
(Fig. 2(b)), which is reduced to 1 mrad (Fig. 2(c)) upon
insertion of the PMQs, i.e., near collimation of the central
part of the beam. The PMQs act as an energy bandpass filter,
imparting large angle trajectories on electrons outside of
their acceptance range. Hence, outlying swirls that are evi-
dent in the Lanex image are related to the low energy “tail”
or pedestal of the electron beam. The main central part of the
beam, comprising the higher energy quasi-monoenergetic
“main peak” electron bunch, is the sole part of the beam that
is preferentially transported through the undulator. Electron
energy spectra obtained with ES1 (Fig. 2(d)) illustrate the
FIG. 2. (a) Plan view of the ALPHA-X LWFA beam line, false color images of the electron beam profile at (b) L1 without PMQs, (c) L1 with PMQs in-line,
(e) L3 and (f) L4 and (d) three examples of ES1 spectra with main peak central energy and charge of 115, 109, 95MeV and 0.4, 0.8, 1.3 pC, respectively.
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Maier, A. R.1,2 Laser-Plasma Acceleration in Hamburg
N. Delbos 1, S. Jolly 1,2, V. Hanus 1,2, P. Messner 1, M. Kirchen 1, V. Leroux 1,2, M. Schnepp 1, D.
Trosien 1, M. Trunk 1, P. A. Walker 1, C. Werle 1, P. Winkler 1
1 Center for Free-Electron Laser Science and Department of Physics, Hamburg University, Hamburg, Germany
2 ELI Beamlines, Praha, Czech Republic
Plasma-based accelerators promise ultra-compact sources of highly relativistic electron beams, espe-
cially suited for driving novel x-ray light sources. The stability and reproducability of laser-plasma
generated beams is, however, still not comparable to conventional machines. Within the LAOLA Col-
laboration, the University of Hamburg and DESY work closely together to combine university research
with the expertise of a large and well-established accelerator facility. We will discuss the experimental
programm and plasma-related activities in Hamburg, with a special focus on the recently commis-
sioned 200 TW laser ANGUS. It drives two be mlines, REGAE and LUX, to study external injection
of electrons from a conventional gun into a plasma stage, as well as plasma-driven undulator radiation.
We present our progress in integrating the laser into the accelerator infrastructure at DESY, progress
towards stable laser operation, as well as the commissioning of the LUX and REAGE beamlines. As
an outlook, we will discuss the experimental strategies in Hamburg towards a first proof-of- principle
FEL xperiment using plasma-driven electron beams available today.
Margaron , D.1 ELIMAIA: ELI Multidis iplinary Applications of
laser-Ion Accelerati n
P. Cirron 2, G. Cutt ne2, G. Korn1
1 IoP-ASCR, ELI-Beamlines, Prague, Czech Republic
2 LNS-INFN, Catania, Italy
The main direction proposed by the community of experts in the field of laser driven ion acceleration
is to improve the particle beam features (maximum energy, charge, emittance, divergence, monochro-
maticity, shot-to-shot stability) in order to demon trate eliable and compact approaches to be used
for multidisciplinary applications, t us, in principle, reduci g the overall cost of a laser-based facil-
ity compared to a conventional accelerator one. The mission of the laser driven ion target area at
ELI-Beamlines, called ELIMAIA (ELI Multidisciplinary Applications of laser-Ion Acceleration), is to
provide stable, fully characterized and tuneable beams of particles accelerated by PW-class lasers,
and to o er them to the user community for multidisciplinary applications. The ELIMAIA beamline
is currently being designed and developed at the Institute of Physics of the Academy of Science of
the Czech Republic (IoP-ASCR) in Prague and t he National Laboratories of Southern Italy of the
National Institute for Nuclear Physics (LNS-INFN) in Catania. An international scientific network
particularly interested in future applications of laser driven ions for hadrontherapy, ELIMED (ELI
MEDical applications), has been established around the implementation of the ELIMAIA experimen-
tal system. Nevertheless, this is only one of the potential applications of the ELIMAIA beamline
which will be open to several proposals from a multidisciplinary user community such as radiobiology,
time resolved radiography of di erent materials, beam-target nuclear reactions generating isotopes for
positron emission tomography or producing high brilliance secondary radiation sources (e.g. neutrons
and alpha-particles), etc. The two research groups currently working on the implementation of the
ELIMAIA beamline have been performing numerical simulations and experimental tests at interna-
tional high power laser facilities aimed at the optimization of the laser driven ion source on target
as well as the ion beam transport and dosimetric systems. Preliminary results will be presented and
discussed. [1] 2nd ELIMED Workshop And Panel, Catania, Italy,18-19 October 2012, AIP Conf.
Proc.1546 (2013)
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Mittwoch, 21. Januar 15
13
lab conditions 
‣better 0.1°C rms temperature stability 
‣stable by few % relative humidity 
‣consequently remove all heat sources 
‣get everything in water-cooled racks 
‣challenge is to keep the standards up high in 
day-to-day operation
ANGUS Laser Lab
20.0 °C
20.1 °C
19.9 °C
3 days
end 2012 2015
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Monitoring Tools
LAOLA.
TINE Control System
Quality and stability monitoring 
software for a 200TW laser 
! Power/energy measurement:
• After every amplification stage
• Photodiodes for MHz and kHz range (power)
• Thermoelectric sensors for 5Hz Pulses (energy)
! Temperature measurement: 
• Temperature measurement of the different laser crystals
• Measurement of air/table temperature of each laser box
! Spectrom t rs
• to get the laser spectrum to the corresponding energy/ power values
! Camera server:
• to monitor the beam-pointing in crucial parts of the laser chai
! Future plan: humidity sensors
" Big number of monitored important laser parameters
! Integration into the DESY Tine Control System
" to be able to access it from any DESY pc and to store the data permanently
! TINE: Three-fold Integrated Networking Environment
• Multi-Platform (Win, UNIX, MACOS,…)
• Multi-Protocol (UDP, TCP, IPX, and PIPEs) 
• Multi-ArchitectureClient-serverPublisher-SubscriberProducer-Consumer
" Plug and Play
! Local Storage (for 90 days)
• Short-term: 10min with 1/s, long-term (>10min) with 1/15min when
changes<10%
! Central Archive (for years)
• Adjustable for all kinds of needs
" Professional and approved solution for data archiving
Long-term Analysis / Benefits  
! We are now able to see how the system reacts on: 
• Perturbations like vibration (people working in the lab)
• Temperature changes
• Influence/quality of the cooling circuit
• Degradation over time 
• Warm up time to get stable
• Energy correlations between the amplification stages
• Correlations between energy, temperature, beam pointing and spectrum
! Therefore we can locate and solve problems faster
" Important for a reliable and stable laser
Power/Energy stability measurements of the oscillator
and the whole laser chain:
A. Measurement of the ML power loss of the oscillator
during normal working conditions
B. Full chain stability measurement, right after starting
the laser
C. Observation of the oscillator behavior while
keeping it in ML
B
Control Panels and Analysis S ftware
! Control panels showing all important laser parameters for all 
amplification stages 
! Data access for analysis:
• MatLab
• Different in-house java applications 
! Monitored values : 
• Picture of the be m spot,
• beam centroid, 
• energy trend and latest value, 
• temperature, 
• current spectrum and reference 
spectrum 
Angus Laser in Conce
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Figure 7: Test experiments around the world
Several experiments (see Fig. 7) are under way.
The COXINEL (SOLEIL, LOA, PhLAM, France) [197, 198,
199] project, part of the LUNEX5 one [200, 201] aims at FEL
amplification at 200 nm at typically 180 MeV, before increas-
ing the energy up to 400 MeV for radiation down to 40 nm.
Electrons are generated by the ”salle Jaune” 2x60 TW laser in
ionization configuration (see Fig. 8) . Strong focusing variable
strength permanent magnet quadrupoles located very close to
the electron generation source handles the large electron beam
divergence. A energy de-mixing chicane then deviates the elec-
trons by 32 mm in horizontal, sorting them out in energy. The
electron bunch duration is lengthened, for the photons not to
escape from the electron beam distribution because of the slip-
page (delay between photons and electrons). A second set of
quadrupoles located in front of the undulator (2 m long in-
vacuum U20 or U18, then 3 m long cryo-ready undulator [202])
permits to perform a chromatic matching in the FEL interaction
region, with a proper setting of the chicane. Each slice can be
focused in synchronisation with the optical wave progress along
the undulator. Simulations show an increase of FEL power in
the supermatching condition [190]. The electron beam has been
properly transported along the line thanks to a specific beam
pointing alignment compensation enabling the separate com-
pensation of position an dispersion. Undulator radiation has
been observed.
Figure 8: Picture of the COXINEL experiment
The set-up at LBNL (USA) consists of electrons produced
by a 100 TW laser in a gas jet, an active plasma lens [185], a
chicane, a triplet, the THUNDER undulator and the magnetic
beam dump. A stable jet-blade has been developed [203, 204].
At LUX (DESY / MPG / Univ. Hamburg), a 200 TW laser
produces the electrons since 2016, and 9 nm undulator radia-
tion has b en measured in 2017 [172]. The scheme for the FEL
considers d mixing chicane. In the frame of the ImPACT col-
laboration in Japan, efforts are conducted to reduce the emit-
tance and the energy spread, the pointing stability, with a very
short undulator period (4 mm) for 0.4 T peak field.
LPA based FEL experimented using the transverse gradi-
ent undulator (TGU) are implemented in a F. Shiller Univ.,
Je a/KIT collaboration using the JETI-40 laser, focused in a
3 mm gas cell, an achromatic transport line, a superconducting
TGU [205] d in Shanghai [206] with a 200 TW laser.
4. Conclusion
Among the panorama of light sources [207, 208, 209], the
advent of X-ray Free Electron Laser implemented on conven-
tional linear accelerator took place nearly 40 years after the
FEL invention, thanks to the technological developments made
for colliders and step by step progresses in the FEL domain. In
parallel, the spectacular development of laser plasma accelera-
tion (LPA) with several GeV beam acceleration in an extremely
6
short distance appears very promising. As a first step, the qual-
ification of the LPA with a FEL application sets a first chal-
lenge. Still, energy spread and beam divergence do not meet
the stat-of-the-art performance of the conventional accelera-
tors and have to be manipulated to fulfill the FEL requirement.
Several intermediate results are very encouraging in the path
towards LPA based FEL. Indeed, undulator radiation (sponta-
neous emission) has been seen with a simple first focusing and
after transport, at 5 Hz, down to 9 nm (very short photon du-
ration, not very intense) at LUX. The electron beam proper-
ties through a transport line, including alignment are controlled
at COXINEL. On paper solutions for FEL amplification with
typical LPA beam parameters exist with 1 pi mm.mrad, 1 µm,
1 mrad, 1 % energy spread beam properties. In parallel, im-
provements of LPA performance are under way, with for ex-
ample, further LPA characterization and control leading to 3.5
pC/ MeV, few percent energy spread electron beams. A design
study is carried out at an European level with the EuPRAXIA
collaboration [210]. FEL amplification remains very challeng-
ing and constitutes an real full scale example of a demanding
LPA application. Besides, sensitivity to parameters has also to
be studied in depth: deviations from the optimum parameters
can make the amplification no more possible; shot to shot vari-
ations on the electron parameters and day to day reproducibil-
ity could be very critical for setting an optimum situation for
attempting amplification.
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